We report optical measurements demonstrating that the low-energy relaxation rate (1/τ) of the conduction electrons in Sr 2 RuO 4 obeys scaling relations for its frequency (ω) and temperature (T ) dependence in accordance with Fermi-liquid theory. In the thermal relaxation regime, 1/τ ∝ (ħ hω) 2 + (pπk B T ) 2 with p = 2, and ω/T scaling applies. Many-body electronic structure calculations using dynamical mean-field theory confirm the low-energy Fermi-liquid scaling, and provide quantitative understanding of the deviations from Fermi-liquid behavior at higher energy and temperature. The excess optical spectral weight in this regime provides evidence for strongly dispersing 'resilient' quasiparticle excitations above the Fermi energy. PACS numbers: 78.47.db, 74.70.Pq, 71.10.Ay, 72.15.Lh, 71.15.Mb Liquids of interacting fermions yield a number of different emergent states of quantum matter. The strong correlations between their constituent particles pose a formidable theoretical challenge. It is therefore remarkable that a simple description of low-energy excitations of fermionic quantum liquids could be established early on by Landau [1], in terms of a dilute gas of 'quasiparticles' with a renormalized effective mass, of which 3 He is the best documented case [2, 3].
Liquids of interacting fermions yield a number of different emergent states of quantum matter. The strong correlations between their constituent particles pose a formidable theoretical challenge. It is therefore remarkable that a simple description of low-energy excitations of fermionic quantum liquids could be established early on by Landau [1] , in terms of a dilute gas of 'quasiparticles' with a renormalized effective mass, of which 3 He is the best documented case [2, 3] .
Breakdown of the 'quasiparticle' concept can be observed in the transport of metals tuned onto a quantum phase transition, but Fermi liquid (FL) behavior is retrieved away from the quantum-critical region [4, 5] . The relevance of FL theory to electrons in solids is documented by a number of materials, such as transition metals [6] , heavy-fermion compounds [7] , and doped semiconductors [8] . Among transition-metal oxides, Sr 2 RuO 4 is a remarkable example which has been heralded as the solid-state analogue of 3 He [9] for at least three reasons: remarkably large and clean mono-crystalline samples can be prepared, transport properties display low-temperature FL characteristics [10] , and there is evidence for p-wave symmetry of its superconducting phase [11] , as in superfluid 3 He. FL theory makes a specific prediction for the universal energy and temperature dependence of the inelastic lifetime of quasiparticles: because of phase-space constraints imposed by the Pauli principle as well as momentum and energy conservation, it diverges as 1/ω 2 or 1/T 2 [1, 5] . More precisely, the inelastic optical relaxation rate is predicted to vanish according to the scaling law 1/τ ∝ (ħ hω)
2 + (pπk B T )
2
, with p = 2 [12] [13] [14] . This leads to universal ω/T scaling of the optical conductivity in the thermal regime ħ hω ∼ k B T [14] . Surprisingly however, despite almost 60 years of research on Fermi liquids, this universal behavior of the optical response, and especially the specific statistical factor p = 2 relating the energy and temperature dependence, have not yet been established experimentally [13] [14] [15] [16] [17] .
Here, we report optical measurements of Sr 2 RuO 4 with 0.1 meV resolution [18, 19] which reveal this universal FL scaling law [20] . We establish experimentally the universal value p = 2 and demonstrate remarkable agreement between the experimental data and the theoretically derived scaling functions in the FL regime. Importantly, the identification of the precise FL response also enables to characterize the deviations from FL theory. The manifestation of these deviations in our data is an excess spectral weight above 0.1 eV. We show that this is an optical fingerprint of quasiparticle excitations which, although well-defined, no longer follow Landau's FL behavior. Indeed, the survival of 'resilient' quasiparticles beyond the Landau FL regime has been recently predicted theoretically [21] on the basis of dynamical mean-field theory (DMFT). In this article, we perform realistic DMFT calculations for Sr 2 RuO 4 which yield excellent agreement with the measured optical spectra. There are 3 bands at E F : a two-dimensional one (γ) of d x y character, and two quasi-1D bands (α and β) [9] . We show that the deviations from FL behavior in the optical spectra are caused by resilient QP excitations associated with unoccupied states, which are inaccessible in usual photoemission experiments.
Optical spectroscopy is a powerful probe of-among other things-the subtle low-energy behavior of electron liquids. Earlier optical studies of Sr 2 RuO 4 have reported that the inplane low-energy spectral weight is about 100 times larger than the one along the c-axis, with an onset below 25 K of a T 2 relaxation rate [22] [23] [24] . The lowest lying interband transitions, located above 1 eV, have been previously identified as d-d transitions [25] . In the optical conductivity of Sr 2 RuO 4 this is revealed as a peak at 1.7 eV (Supplemental material I, Table I ). The optical conductivity in the range displayed in Fig. 1 is entirely due to the free carrier response, and can be expressed in terms of a memory function M (ω),
On the other hand, an intra-band optical absorption process excites electron-hole pairs, with the consequence that the optical relaxation rate M 2 (ω) is proportional to
with the value p = 2 [12] [13] [14] . The optical conductivity is then characterized by a narrow Lorentzianlike zero-frequency mode (Drude peak), followed by a (nonDrude) "foot" at ħ hω ≈ 2πk B T [14] . Hence, the signature of FL theory and of the frequency dependence of 1/τ is actually a deviation from Drude's form (corresponding to a constant τ).
Several [17] . One possible scenario that has been proposed to explain this discrepancy is the presence of magnetic impurities [13] . We decided instead to look at the 4d correlated material Sr 2 RuO 4 which can be synthesized in very pure form, with well established T 2 resistivity below 25 K [9] .
The Sr 2 RuO 4 crystal employed for this work was grown using the travelling floating zone technique [27] . The quality of the crystal was confirmed by different techniques [28] with a superconducting transition at 1.4 K. The ab-plane crystal surface of 5.1 × 3.6 mm 2 was micro-polished and cleaned prior to transferring the sample to the UHV cryostats for optical spectroscopy. Near-normal reflection reflectivity spectra in the range from 2 meV to 3 eV were collected between 290 K and 9 K at a cooling rate of 1 K per minute. The optical conductivity obtained by Kramers-Kronig analysis is shown in Fig. 1 for a few selected temperatures. The close match of ρ(T ) = lim ω→0 1/σ 1 (ω, T ) (inset of Fig. 1 ) and the dc resistivity, provides evidence that the low-frequency optical data are accurate at all temperatures.
The optical conductivity displayed in Fig. 1 is dominated by the peak centered at zero frequency, corresponding to the optical response of the free charge carriers. Upon lowering the temperature from 290 to 9 K, this peak becomes extremely narrow, and its maximum at ω = 0 increases by two orders of magnitude. The weak features at 40, 57, and 85 meV correspond to optical phonons. The standard Drude model assumes a frequency-independent relaxation rate. The frequency dependence of M 2 (ω) shown in Fig. 2(b) is therefore manifestly non-Drude like, and signals the presence of a dynamical component in the quasiparticle self-energy. Moreover, below 0.1 eV, M 2 (ω) has a positive curvature for all temperatures, and M 1 (ω) has a linear frequency dependence that is only weakly changing with temperature. This is the expected behavior in a Fermi liquid. The low-frequency mass enhancement factor m * (ω)/m = 1 + M 1 (ω)/ω varies from 3.3 at 9 K to 2.3 at 290 K. The m * (ω)/m curves (SM II) fall slightly below the one of a previous room temperature study [29] .
In order to reveal the signature of Fermi-liquid behavior, we searched for the presence of a universal scaling of the form ħ hω 36 meV, and the largest temperature considered, T max , was allowed to vary. The resulting RMS is displayed in Fig. 3 as a function of p and T max , together with the scaling collapse for p = 2 and T T max = 40 K. The RMS minimum for each T max defines the optimal value p * , shown as a function of T max in the inset. Extending the frequency window up and down by 5 meV leads to small changes in the curve p * (T max ), as also indicated in the inset. We observe a flow from p = 1.5 towards p = 2 when the range T max is varied from 100 K to 40 K. This confirms the expectation of a flow towards universal Fermi-liquid behavior for T → 0, for which we expect a collapse of all data on a universal function of ξ p with p = 2. A similar analysis conducted on the raw reflectivity data leads to the same conclusion that p = 2 for T 40 K (SM III).
A direct confirmation of FL behavior is found in the optical conductivity curves (Fig. 4) . They exhibit a characteristic non-Drude feature in perfect agreement with the universal FL response. This feature is an increase of conductivity with respect to the low-frequency Drude response around the thermal frequency ħ hω = 2πk B T , appearing most clearly as a shoulder in a log-log plot. The universal FL response, including impurity scattering, has been parametrized by only three temperature-independent parameters [14] . This threeparameter model can reproduce the low-frequency optical conductivity data of Sr 2 RuO 4 in the whole temperature range below 40 K, where p = 2, as illustrated in Fig. 4 .
For energies above 0.1 eV and/or temperatures above 40 K, the measured conductivities clearly depart from the reference FL (Fig. 4) . All deviations go in the direction of a larger conductivity (both real and imaginary parts), in particular in the 0.1-0.5 eV energy range.
In order to understand the origin of this increased conductivity, we have calculated the optical spectra within an ab-initio framework that combines density-functional theory (DFT) with the many-body dynamical mean-field theory (DMFT) [30] , as described in [31, 32] and applied to Sr 2 RuO 4 in [33] . The bare dispersions and velocities are obtained from DFT for the three t 2g bands, and the local (momentum-independent) DMFT self-energies for each orbital are calculated using the same interaction parameters as in previous works (SM IV). The theoretical results are presented in Fig. 4 as circles. The overall shape of experimental data and theoretical DMFT results match closely, and satisfactory agreement is also found for absolute values (note that the comparison in Fig 4 involves no scale adjustment). At low frequency and temperature, the ab-initio calculations show a Drude peak and a thermal shoulder, in excellent agreement with the experimental data and with the FL model. The differences at the lowest frequencies can be attributed to impurity scattering, included in the FL model but not in the DMFT calculation, in order to keep the latter parameter-free. More interestingly, above 0.1 eV the theory deviates from the FL model in precisely the same manner as the experiment does. At higher temperatures, while the predictions extrapolated from the low-temperature FL severely underestimate the conductivity, the agreement between DFT+DMFT and experiments remains excellent in the 0.1-0.5 eV range. The calculated imaginary part of the optical conductivity is systematically somewhat lower than the experimental data. The difference increases with temperature, and is most clear for 290 K. Electron-phonon interactions in fact cause additional mass-enhancement, which leads to a suppression of both σ 1 and σ 2 for ω → 0 and an increase of optical conductivity in the phonon energy range. This effect is not included in the DMFT calculations, and may explain the remaining differences with experimental data.
We have carried out a series of numerical experiments in order to elucidate the origin of the non-FL excess of optical spectral weight in the 0.1-0.5 eV frequency range (SM IV). First, we eliminated band-structure effects as a possible cause. The band structure enters the optical conductivity via a transport function Φ( ), proportional to the average of the squared velocities at a given energy. This function is smooth, unlike the density of states which diverges at the van Hove singularity of the xy band. Indeed, we have verified that the replacement of Φ( ) by its Fermi-surface value Φ(0) causes no significant change in the theoretical curves of Fig. 4 . The excess spectral weight is therefore due to electronic correlations, and must be linked to a structure in the single-particle self-energies.
The imaginary part of the self-energies follows the FL parabolic dependence at low energy, but starts to deviate already well below 0.1 eV in the direction of a weaker scattering. In particular, between +0.2 and +0.4 eV, still in the domain of intra-band transitions, the scattering rate goes through a maximum and decreases slightly at higher energy. A similar phenomenon with a saturation of the scattering rate was observed in the single-band Hubbard model, and was shown to give rise to 'resilient' quasiparticles (QPs) [21] , i.e., excitations that remain well defined, but lack the ∼ ω 2 scattering rate of Landau QPs. In Sr 2 RuO 4 the signature of resilient QPs is even more striking: it is signaled by a drop of the scattering rate for empty states above ∼ 0.35 eV. Consistently with Kramers-Kronig, this drop implies a sharp minimum in the real part of the selfenergy which is found in the energy-range 0.1-0.15 eV. As a consequence, QPs above this energy scale have velocities larger than the bare velocities. In the theoretical spectral function, these appear as peaks which, although broader than the low-energy Landau QP peaks, disperse faster.
These resilient QPs with large velocities are the source of excess spectral weight and deviation from FL behavior above 0.1 eV. Indeed, optical spectroscopy is sensitive to these excitations above Fermi level since it probes transitions between occupied and unoccupied states. The abrupt increase of QP velocities predicted by DFT+DMFT results in a maximum in the real part of the calculated memory function M 1 (ω) in the range 0.1-0.2 eV, hence providing an explanation for the corresponding feature found experimentally (Fig. 2) . We also note that more subtle changes in QP dispersions (kinks) at ∼ 30 meV, previously found in both ARPES [19, 34] and DMFT [33] , are also visible in M 1 and M 2 at lower energy, but do not change the frequency dependence of the optical conductivity so strikingly. The resilient QP excitations above the Fermi level predicted by our calculations and leading to the sharp feature in M 1 , are not directly accessible to conventional ARPES, which probes only occupied states. Recently, two-photon ARPES has been shown to provide energy and momentumresolved information on unoccupied states [35] , and we propose that our theoretical results (Fig. SM13) could be put to the test in the future using this technique for Sr 2 RuO 4 .
In summary, we have performed reflectance and ellipsometry measurements for a Sr 2 RuO 4 single crystal in a wide range of frequencies and temperatures, and observed for the first time the universal optical signatures of the Landau quasiparticles in a Fermi liquid (FL). The low-energy optical relaxation rate obeys (ħ hω)
scaling with p = 2, and the optical conductivity exhibits a pronounced non-Drude foot at the thermal frequency ħ hω = 2πk B T . The identification of a low-energy FL regime provides a reference to characterize without ambiguity the deviations from FL theory. In Sr 2 RuO 4 , the most significant deviation at low temperature is an increase of conductivity developing above 0.1 eV. With the help of DFT+DMFT calculations, we ascribed the extra spectral weight to 'resilient' quasiparticle excitations above Fermi level, i.e., relatively broad but still strongly dispersing particle-like excitations with a lifetime differing from the Landau low-energy form. This work demonstrates that optical spectroscopy is a powerful tool to diagnose non-FL behavior, with the provision that the proper FL behavior is taken as the 'placebo' reference, instead of the Drude law that is often used for that purpose. The measurement of the in-plane optical response was carried out with two FTIR spectrometers and a Woolam VASE ellipsometer. The far-infrared to near-infrared reflectivity at near-normal incidence was measured from 1.9 meV to 1.1 eV (15 to 9000 cm
) using a Bruker 113 FTIR spectrometer. A Bruker 66 upgraded with a high-frequency module extended this range to 3 eV. The ellipsometry measurements were performed in a Woolam VASE ellipsometer, completing and extending the data up to the UV (0.47-6.2 eV). The two spectroscopic techniques thus overlap from 0.47 to 3 eV. Light polarized along the ab plane (p-polarization) was used in order to suppress the c-axis features, as described in Ref. 1 .
The crystal was cleaved along the ab plane, polished to achieve a perfectly reflective surface, and glued onto a copper sample holder using silver paste. The device was mounted in a high vacuum and high stability home-made cryostat (∼ 10 −8 mbar) including an in-situ gold/silver evaporator to cover the sample with a reference layer. Temperature sweeps were conducted between 9 K and 290 K at a speed of 1 K per minute, and one reflectivity spectrum was collected every Kelvin. The long-term drift of the light sources and detectors was calibrated using a high stability flipping mirror placed in front of the cryostat window. The mirror was flipped up and down every 20 minutes, providing a continuous monitoring of the signal drift. The remaining uncorrected drift was analyzed during the warmup process, which leads to a thermal hysteresis effect below the noise level in the far IR, below 0.2% in the mid IR, and below 0.4% in the near IR and above.
The calibrated ab-plane reflectivity is obtained as
where I sample−mirror (ω) and I reference−mirror (ω) are the intensities from the mirror, measured together with the sample and reference, respectively. The absolute reflectivity R(ω) is shown for selected temperatures in Fig. SM1 . The figure also shows the room-temperature c-axis reflectivity reproduced from Ref. The resulting ε(ω) is shown in Fig. SM2 . Following Ref. 1, the consistency of the procedure for extracting ε(ω) has been checked by repeating the ellipsometry measurements at several angles of incidence. A Kramers-Kronig transform of the reflectivity, using the ellipsometry data to anchor the phase, provides the complex optical conductivity σ(ω) = σ 1 (ω) + iσ 2 (ω). The dielectric function and the conductivity are related by ε(ω) = 1 + iσ(ω)/(ε 0 ω). The reflection coefficient is given by
The right-hand side of this expression applies to the infrared frequency range, where |ε(ω)| 1. Furthermore, for ω 1/τ, the conductivity can be approximated by σ 1 (ω) = 1/ρ, where ρ is the dc resistivity. Eq. (4) then becomes the Hagen-Rubens relation [3] R(ω) ≈ 1 − 8ε 0 ωρ.
A fit of this formula to the low-frequency reflectivity, shown in the inset of Fig. SM1 as dashed lines, yields the temperature-dependent resistivity ρ(T ) shown in Fig. 1 of the main text.
II. DRUDE-LORENTZ ANALYSIS, MEMORY FUNCTION
The in-plane reflectivity and ellipsometry data are fitted simultaneously using the standard Drude-Lorentz model. The low-energy response below ∼ 1 eV is well described at all temperatures by the superposition of two Drude (zerofrequency) oscillators. Above 1 eV, the data are fitted with four additional Lorentz oscillators. The high-frequency limit is represented by the constant ε ∞ , leading to the following 
The parameters of the model fitted to the room-temperature data are given in Table I . The real part of the conductivity calculated using this model is displayed in Fig. SM3 , and compared with the conductivity determined directly by Kramers-Kronig transform of the reflectivity. The match is excellent up to 5.8 eV.
The Drude-Lorentz analysis allows us to distinguish the contribution of the mobile charge carriers from that of the bound charges. At all temperatures considered, the analysis yields two zero-frequency modes, as well as finite-energy contributions that are all above 1 eV. The two Drude modes mimic the "foot" structure of the low-energy Fermi-liquid response described in the main text. We ascribe the two Drude oscillators to the intra-band response of mobile carriers, and all finite-energy modes to the bound charges. The Table I (dashed line). The shaded curves show the contributions of the six oscillators, with the two Drude oscillators in black and red. The solid line is the conductivity obtained directly from the reflectivity and ellipsometry data using Kramers-Kronig relations. spectral weight of the charge carriers is, in units of ε 0 ,
This gives a spectral weight that is almost temperature independent, corresponding to ħ hω p = 3.3 eV at low temperature and 3.4 eV at room temperature. Note that the spectral weight of the sharpest Drude mode is less, and decreases from ħ hω p1 = 1.8 eV at low temperature to 1.6 eV at room temperature. In the energy range ħ hω < 1 eV of interest for the present study, the inter-band transitions do not contribute to the frequency dependence of the dielectric function, as can be seen in Fig. SM4 . The bound-charge dielectric function defined as
is practically constant over this energy range, and equal at 290 K to ε bound (0) = 5.6.
Knowing the intra-band spectral weight ε 0 ω 2 p , we may invert Eq. (1) of the main text, and express the memory function, or optical self-energy M (ω) = M 1 (ω) + iM 2 (ω), in terms of the optical conductivity:
The memory function is displayed for selected temperatures in in Fig. SM5 . It presents an overall behavior determined by the charge-carrier dynamics, as well as sharp superimposed Fano-like structures corresponding to dipole active optical phonons. We do not subtract phonons, which would require a specific modeling and introduce unwanted ambiguities.
III. FERMI-LIQUID ANALYSIS
The universal characteristics of the optical response in a Fermi liquid have been described in Ref. 4 . For a local Fermi liquid, i.e., with a momentum-independent selfenergy, the low-energy optical conductivity normalized to the dc conductivity is a universal function of the two variables ħ hω/(2πk B T ) and ωτ qp , where τ qp is the quasiparticle life-time on the Fermi surface. This life-time diverges as 1/T 2 with decreasing temperature in a Fermi liquid. In Ref. 4 , it was parametrized by a temperature scale T 0 , such that ħ h/τ qp equals 2πk B T at this temperature: ħ h/τ qp = 2π(k B T )
2 /(k B T 0 ). The parameter T 0 completely determines the universal behavior of σ(ω)/σ dc . The non-universal dc conductivity depends on the quasiparticle residue Z, and on the transport function Φ(0) proportional to the average squared velocity on the Fermi surface. In the dc conductivity, these two quantities enter as the product ZΦ(0). This product also coincides with the weight of the Drude peak. The Fermi-liquid model can be generalized to include impurity scattering in the form of a constant scattering rate Γ, entering the optical conductivity as the product ZΓ. Thus the low-energy optical conductivity of a local Fermi liquid can be represented by the three parameters T 0 , ZΦ(0), and ZΓ. The temperature scale T 0 is a relatively large scale, typically ten times larger than the scale T FL , below which the universal Fermi-liquid behavior is generally observed [4] .
In the present study, the experimental intra-band response is represented by the complex memory function
p is taken as the intra-band weight, determined as explained in Sec. II. In the thermal regime, ħ hω ∼ 2πk B T , the Fermi-liquid memory function has the form
is the ratio of the Drude weight to the reference weight. In the Fermi-liquid regime, a plot of ħ hM 2 as a function of ξ 2 = (ħ hω) 2 +(2πk B T ) 2 yields a straight line with a slope 2/(3πk B T 0Z ), and an intercept 2ZΓ/Z. For Sr 2 RuO 4 , this scaling behavior is observed for temperatures below ∼ 40 K and frequencies below ∼ 36 meV, as shown in Fig. 3 of the main text.
The frequency and temperature scaling properties of the optical relaxation rate in the thermal regime, ħ hω ∼ 2πk B T , can also be observed in the bare reflectivity data at normal incidence. We substitute the definition of the memory function in Eq. (4), and expand in powers of M 2 /(ω + M 1 ):
. (13) Substituting Eq. (12) for M (ω) we find that, in the thermal regime, 1 − R(ω) behaves like M 2 (ω):
In order to test the presence of this scaling in the Sr 2 RuO 4 reflectivity, we proceed like for the imaginary part of the memory function in the main text: for all temperatures T T max and all frequencies ħ hω 36 meV, we plot 1−R(ω) as a function of ξ
, and we determine the value of p which minimizes the RMS deviation of the data from a straight line. The result of this analysis is shown in Fig. SM6 . It leads to the same conclusion as the analysis performed on the memory function: the Fermiliquid universal behavior with p = 2 is only seen below T ∼ 40 K. We note that the optimal value of p depends to some extent on the window of frequencies considered. Extending the window up and down by 5 meV leads to changes in the curve p * (T max ) as indicated in the inset of Fig. SM6(b) . With the reflectivity data, which is not affected by uncertainties of the Kramers-Kronig transform, the curve is less sensitive to the frequency window than with the memory-function data of Fig. 3 in the main text.
In the frequency and temperature domain where the above analysis points to Fermi-liquid behavior with p = 2, the real and imaginary parts of the Sr 2 RuO 4 optical conductivity display a characteristic change of curvature around ħ hω = 2πk B T . This can be seen in Fig. SM7 : the lowfrequency Drude behavior of σ 1 changes to a weaker frequency dependence for ħ hω > 2πk B T . A similar change of slope was identified in Ref. 4 to be a signature of the universal Fermi-liquid response. Adjusting the local-Fermi liquid model to the data in the domain ħ hω 36 meV and T 40 K, we find that it provides a very good fit of the measured conductivity (see Fig. SM7 ). This should be regarded as an effective one-band description of the threeband response of Sr 2 RuO 4 . The effective model parameters resulting from the fit are T 0 = 316 K, ħ h 
IV. AB INITIO CALCULATIONS

A. Method
We calculated the optical conductivity within an ab-initio framework that combines density-functional theory (DFT) in the local-density approximation (LDA) as implemented in Wien2k [5] , with the many-body dynamical mean-field theory (DMFT) [6] . The framework is described in Ref. 7 .
The optical conductivity in DFT+DMFT is expressed as and A k are matrices in the band indices. The velocities are obtained from DFT as described in Refs. 5 and 8, and the spectral functions are calculated as described in a previous work [7, 9] , using the same interaction parameters.
B. Insignificance of the band velocities for the intra-band conductivity
We first address the question whether the increase of optical conductivity reported in the main text for energies above 0.1 eV, with respect to the universal Fermi-liquid (FL) behavior, could be a consequence of the bare electronic dispersions. The possible effects of the band structure must be considered, because the density of states (DOS) of Sr 2 RuO 4 has a rich structure at low energy, in particular, a Van Hove singularity about 70 meV above the Fermi level (see Fig. SM8 ). The quantity that is relevant for the optical properties is not the DOS, though, but the transport function
As can be seen in Fig. SM8 , the transport function is much more smooth than the DOS, and presents no significant feature at the energy of the Van Hove singularity. This can be understood, since the band velocity vanishes at the Van Hove points. The absence of structure in Φ( ) suggests that the excess conductivity above 0.1 eV is not due to the band structure. To be more quantitative, we have constructed a simplified spectral function, taking for all orbitals the FL self-energy Ansatz [4] 
instead of Σ k ( ). We used parameters that fit the selfenergy of the xy band at low energy for T = we compare the real part of the conductivity obtained using the full -dependence of Φ( ) and the FL result. The energy dependence of the transport function does produce a deviation from the FL curve, but in the direction of a smaller conductivity, which is opposite to the experimentally observed deviation.
C. DFT+DMFT self-energies
The local DMFT self-energies for the xy and xz/ yz orbitals are shown in Fig. SM10 . At low energy, both follow the FL behavior, with a parabolic dependence of the imaginary part and a linear dependence of the real part. As discussed earlier [9] , the xy orbital is more correlated, with steeper real part and stronger curvature of the imaginary part. The self-energies start to deviate from strict FL behavior already at low energy (∼ 0.03 eV), and become markedly electron-hole asymmetric. As seen more clearly in the real part, differences with FL dependence become substantial above 0.05 eV, especially on the electron side, where a drastic change of slope is observed. Fig. SM10 also shows a simple model, with a quadratic imaginary part that is bounded at −0.3 eV, and the real part corresponding by Kramers-Kronig. This model reproduces qualitatively the strong feature of the real part found in the data.
D. Analysis of the optical response
In order to clarify the origin of the optical conductivity departure from the FL prediction above 0.1 eV, we have performed several numerical experiments. First, it is convenient to look separately at the contribution of each orbital to the conductivity. We have done this in two ways: (i) we have evaluated Eq. (15) using spectral functions in which one of the orbital was heavily damped, by adding a very large imaginary part to its self-energy; (ii) we have calculated the optical conductivity using the Allen formula [12] 
and the local self-energy of each band independently. The results are displayed in Figs. SM11(a) and (b). For both orbitals, a deviation from FL is seen above 0.05-0.1 eV, in the direction of an increased conductivity. One also sees that the Allen formula describes the data reasonably well. Next, we investigated which of the electron or hole part of the self-energy plays the key role in the extra conductivity. For this purpose, we defined particle-like orbital self-energies Σ p ( ), whose dependence at negative energy is obtained by the reflection of the positive-energy dependence. For the imaginary part, Σ p2 ( ) = Σ 2 (| |), and for the real part,
Similarly, hole-like self-energies are constructed by a reflection of the negative-energy data to positive energy. The resulting optical conductivities (contribution of the xz/ yz orbitals) are presented in Fig. SM11(c) , from which it is evident that the holes, rather than the electrons, give rise to the extra spectral weight. Lastly, we investigated whether the extra conductivity must be ascribed to the real, or to the imaginary part of the self-energy. For this purpose, we constructed trial selfenergies, by replacing the real or imaginary part of the DMFT self-energies with their low-energy FL extrapolations (in strong violation of Kramers-Kronig relations). The result is shown in Fig. SM11(d) . One sees that keeping just the DMFT imaginary parts leads to a pronounced downward deviation from the FL result. Only when the nonlinear real parts are included does a deviation in the upward direction appear. This deviation, however, quickly dies off with such trial self-energies that violate the Kramers-Kronig relations. The reason is the rapid increase of scattering, as the FL result has already entered the dissipative regime, where increasing |Σ 2 | diminishes the conductivity.
The deviation from FL dependence can be reproduced qualitatively by means of the model self-energy shown in Fig. SM10 . This self-energy has a quadratic imaginary part at low energy, −Σ 2 ( ) ∝ 2 + (πk B T ) side.
E. Physical interpretation: the resilient quasiparticles
The essence of the departure from the FL form is thus related to the sharp saturation of the scattering rate on the positive energy side, and the related sharp feature in the real part at a scale of 0.1 eV. The pronounced action takes place on the hole (positive energy) side. The saturation of the scattering rate and the associated robust dispersing resilient quasiparticle excitations were found in the context of the Hubbard model [13] . Strikingly, in Sr 2 RuO 4 this saturation occurs in a more pronounced way and leads to a change of slope of the real part of the self-energy.
The consequences of this change of slope can be most directly seen in the color-map of the k-resolved spectral function, that is presented in Fig. SM13 . Superimposed are also the LDA t 2g bands that are renormalized by a factor of 4. Whereas at low energies these renormalized bands describe the data reasonably well, above ∼ 0.1 eV (below ∼ −0.5 eV) the dispersion abruptly increases, giving rise to the pronounced waterfall structure.
Above those energies, broad and strongly dispersing resilient quasiparticle excitations appear very clearly in the k-resolved spectral function. The excess conductivity found in the experiment and in our DFT+DMFT calculations is thus a consequence of highly dispersive states that exist above the Fermi energy. This is also reflected in the memory function, that is shown in Fig. SM14 . The change of slope that appears due to the resilient quasiparticle states is seen clearly in the real part of the theoretical and experimental memory function.
